Abstract Although polymorphisms in TLR receptors and downstream signaling molecules affect the innate immune response, these variants account for only a portion of the ability of the host to respond to microorganisms. To identify novel genes that regulate the host response to systemic lipopolysaccharide (LPS), we created an F2 intercross between susceptible (FVB/NJ) and resistant (129S1/SvImJ) strains, challenged F2 progeny with LPS via intraperitoneal injection, and phenotyped 605 animals for survival and another 500 mice for serum concentrations of IL-1b and IL-6. Genome-wide scans were performed on pools of susceptible and resistant mice for survival, IL-1b, and IL-6. This approach identified a locus on the telomeric end of the q arm of chromosome 9 (0-40 Mb) that was associated with the differences in morbidity and serum concentrations of IL-1b and IL-6 following systemic LPS in FVB/NJ and 129S1/SvImJ strains of mice. Fine mapping narrowed the locus to 3.7 Mb containing 11 known genes, among which are three inflammatory caspases. We studied expression of genes within the locus by quantitative RT-PCR and showed that Casp1 and Casp12 levels are unaffected by LPS in both strains, whereas Casp4 is highly induced by LPS in FVB/NJ but not in 129S1/SvImJ mice. In conclusion, our mapping results indicate that a 3.7-Mb region on chromosome 9 contains a gene that regulates differential response to LPS in 129S1/SvImJ and FVB/NJ strains of mice. Differences in the induction of Casp4 expression by LPS in the two strains suggest that Casp4 is the most likely candidate gene in this region.
Introduction
The innate immune system engages germline-encoded pattern-recognition receptors (PRRs) to detect a range of microbial motifs. PRRs are expressed by cells at the front line of host defense, including macrophages, dendritic cells, neutrophils, and epithelial cells, as well as cells of the adaptive immune system. Lipopolysaccharide (LPS), a major component of the cell wall of Gram-negative (GN) bacteria, is a pathogen-associated molecular pattern (PAMP) that is a potent stimulator of the innate immune response in mice and humans. Binding of LPS to the receptor complex, which consists of TLR4, CD14, and MD-2, initiates a signaling cascade that leads to translocation of NF-jB into the nucleus and the release of proinflammatory cytokines and chemokines (Akira and Takeda 2004; Takeuchi and Akira 2010) . This inflammatory response affects development and progression of a number of diseases, including sepsis and septic shock. Genetic factors play a significant role in the regulation of systemic inflammation. In addition to representing potential therapeutic targets for diseases such as sepsis, innate immune genes could also be used to identify individuals at highest risk for complications from sepsis. Polymorphisms in genes in the TLR4 pathway (Tlr4, Cd14, Irak4), downstream proinflammatory cytokines (TNF-a, IL-1b, IL-6), and genes in the coagulation/fibrinolysis cascade (Pai1, Factor V, Tafi) and other pathways (Mbl, heat shock proteins) have been shown to predispose individuals for increased susceptibility to sepsis and adverse outcomes (Cook et al. 2004a; Garantziotis et al. 2008; Papathanassoglou et al. 2006) . Studies performed in mouse models support the theory that genetic background plays a significant role in development and progression of infection. For example, there is a range of responses among inbred strains of mice to inhaled (Lorenz et al. 2001 ) and systemic LPS (De Maio et al. 1998; Yang et al. 2009 Yang et al. , 2010 .
In fact, genetic studies in mice have been used extensively to identify novel innate immune genes that potentially contribute to host defense against microbial infections. Quantitative trait loci (QTLs) controlling various aspects of inflammation and survival in response to LPS (Cook et al. 2004b; Fulton et al. 2006; Matesic et al. 1999 Matesic et al. , 2000 and different species of Salmonella (Caron et al. 2002 (Caron et al. , 2005 Sebastiani et al. 1998 ) have been identified using F2 intercrosses between inbred strains of mice, recombinant inbred (RI) panels, and congenic strains. The emerging Collaborative Cross panel, which is derived from random mixing of eight founder strains, results in high phenotypic diversity and may enhance our ability to map causative loci underlying innate immune responsiveness in the future (Aylor et al. 2011) .
Our recent work used whole-genome association mapping combined with gene expression profiling and RNA interference to identify novel candidate genes involved in the host response to systemic LPS (Yang et al. 2009 ). In this study and another previous study in our laboratory (Yang et al. 2010) , the 129S1/SvImJ strain of mice was shown to be resistant while FVB/NJ mice were sensitive to systemic LPS. To identify genes that confer differential susceptibility of these two strains to systemic LPS, we created an F2 intercross between the susceptible (FVB/NJ) and resistant (129S1/SvImJ) strains. We used the F2 population to map a 3.7-Mb locus on Chr 9 that contains 11 known genes and controls differences in morbidity and production of IL-1b and IL-6. We showed that expression of Casp4 is highly induced by LPS in FVB/NJ but not in 129S1/SvImJ mice, suggesting that Casp4 is the most likely candidate gene in this locus.
Materials and methods

Ethics statement
Animal work was approved by the Institutional Animal Care and Use Committee (IACUC) at NIEHS. Every effort was made to ensure that discomfort, distress, and pained injury to animals was limited to that which is unavoidable in the conduct of scientifically sound research. Animals were monitored and cared for by veterinarians at NIEHS.
(129S1/SvImJ) 9 (FVB/NJ) F2 intercross Female 129S1/SvImJ mice (Jackson Laboratories, Bar Harbor, ME) were bred with male FVB/NJ (Jackson Laboratories, Bar Harbor, ME) mice to create F1 animals (129S1/SvImJ 9 FVB/NJ). F2 progeny were generated by brother-sister mating of the F1 generation. Six-to eightweek-old male and female F2s were used for all experiments.
Mouse model
We used an established model of endotoxic shock in which mice are injected intraperitoneally with 125,000 EU/g [assessed by the chromogenic Limulus amebocyte lysate (LAL) kit; Cambrex, East Rutherford, NJ] of E. coli 0111:B4 LPS (Sigma, St. Louis, MO) or sterile saline control with no D-galactosamine sensitization (Buras et al. 2005) . One group of mice (n = 605) was observed for clinical signs of morbidity for 5 days following LPS challenge and euthanized according to guidelines set by Morton and Griffiths (1985) . The second group of animals was sacrificed 6 h post-LPS for serum and organ collection (n = 500). Serum cytokine concentrations were determined using standard ELISA kits and protocols (R&D Systems, Minneapolis, MN).
Genome-wide scan
Allele-specific genotyping by quantitative PCR (Germer and Higuchi 1999) was used to genotype pools of DNA from the most susceptible and resistant F2 mice at 300 SNP markers throughout the mouse genome. Pools (rather than individual samples) of DNA were used for genotyping to reduce the cost, and by using the most susceptible and resistant F2 mice, we were also able to increase the signalto-noise ratio. Quantitative PCR was performed using 2 9 SYBR Ò Green mix (Applied Biosystems, Foster City, CA) on a 7900 Sequence Detection System (Applied Biosystems). Genotyping data were plotted as %FVB DNA in each pool as a function of chromosomal location (Germer et al. 2000) . The same genotyping methodology was applied for fine mapping of the locus on Chr 9 except that individual DNA samples were used and data were analyzed to look for the most informative recombinant events. All loci and primers designed using previously published strategy (Cook et al. 2004b; Germer and Higuchi 1999; Germer et al. 2000) are listed in the Supplementary  Table 1. Gene expression studies RNA from lung, liver, and spleen of two to four animals intraperitoneally challenged with LPS or saline was extracted using the RNAEasy kit (Qiagen, Valencia, CA) and pooled prior to expression studies. Primers for Casp1, Casp4, and Casp12 were designed in Primer3 to create 100-150-bp fragments that span at least one exon-exon junction (Supplementary Table 2 ). RT-PCR was performed in a one-step reaction using Multiscribe reverse transcriptase and 29 SYBR Green mix (Applied Biosystems) on a 7900 Sequence Detection System (Applied Biosystems). Data were analyzed using the DDCt method (Livak and Schmittgen 2001; Schmittgen and Livak 2008) .
Sequencing
Primer pairs to generate overlapping amplicons for resequencing the proximal promoter (2 kb), exons of Casp4, and all putative NF-jB binding sites in the 5-kb upstream region were designed on sequences masked for repetitive elements, SNPs, and homology to other regions of the genome using Primer 3 (Supplementary Table 3 ). PCR followed by cycle sequencing reactions at 1/64 Big Dye reaction scale were performed. Magnetic bead cleaned (Agencourt Bioscience, Beverly, MA) cycle sequencing reactions were run on ABI 3730 sequencers (Applied Biosystems). Sequence data files were uploaded into PolyPhred for quality analysis and polymorphism detection (Montgomery et al. 2008) . Publicly available sequence variation data were obtained from the mouse SNP collection in the Mouse Phenome Database (Jackson Laboratories, http://phenome.jax.org/SNP/). This database contains data from 22 data sets, including the Perlegen resequencing project.
Results
Our previous studies identified FVB/NJ as one of the strains of mice sensitive to systemic LPS challenge, while the 129S1/SvImJ strain of mice was shown to be resistant to systemic LPS (Yang et al. 2009 (Yang et al. , 2010 . To identify genes that control strain difference in sensitivity to systemic LPS, we bred 605 F2 intercross mice [F1 (129S1/SvImJ 9 FVB/NJ) 9 F1], challenged them with LPS systemically at 6-8 weeks of age, and followed them for morbidity over 5 days. Survival curves in Fig. 1a demonstrate that F2 animals showed an intermediate phenotype between susceptible and resistant parent strains and that there were minimal differences between males and females [P = 0.067 by Mantel-Cox test (Rosner 1995) ]. The distribution of morbidity (70% of animals died within 48 h and the remaining 30% survived 5 days) (Fig. 1b) is very close to the expected 75%/25% distribution for a Mendelian trait and suggests that a single dominant gene accounts for the phenotypic difference between FVB/NJ and 129S1/SvImJ strains.
We then undertook the pooled DNA genotyping approach to identify the locus responsible for differences in observed response in morbidity. We pooled DNA from 240 mice, both males and females, with \24 h of survival (susceptible pool) and 190 mice who survived 5 days (resistant pool). Genotyping of the two pools for 300 SNP markers *10 Mb apart revealed a locus on Chr 9 (Fig. 1c ) that is responsible for the difference in morbidity between the two parent strains, with the susceptible mice having a distinctly higher percent of FVB/NJ (susceptible strain) DNA at that locus compared to the resistant mice. We observe significant segregation of %FVB allele in sensitive and resistant pools at the five most proximal markers on Chr 9, suggesting the presence of a locus that controls differences in morbidity between the two parental strains between 0 and 40 Mb. No other loci were identified by the pooled genotyping approach ( Supplementary Fig. 1 ).
We next examined cytokine production in the parental strains and determined that both male and female mice differ significantly between the two strains in the production of IL-1b and IL-6 but not TNF-a and KC in response to intraperitoneal LPS (Fig. 2a) . We then challenged another group of 500 F2 intercross mice, collected serum 6 h post-LPS, and measured serum concentrations of IL-1b and IL-6 to identify low and high responders ( Fig. 2b for IL-1b and Fig. 2c for IL-6 data). The distributions of the IL-1b and IL-6 levels are continuous in the F2 population, suggesting that multiple genes may contribute to cytokine production phenotypes. We pooled DNA of 50 animals each with the lowest and highest IL-1b serum concentrations to make ''low IL-1b'' and ''high IL-1b'' pools. Genotyping of the two pools identified the same locus on Chr 9 that is responsible for differences in morbidity as the major locus controlling serum levels of IL-1b in FVB/NJ and 129S1/SvImJ mice (Fig. 2d ). We applied the same mapping approach to the IL-6 trait. Using the above techniques, we mapped the differences in IL-6 production to the same locus 0-40 Mb on Chr 9 (Fig. 2e) . In addition to the major locus on Chr 9, there appears to be another locus with a smaller effect on Chr 14 in both IL-1b and IL-6 genome-wide scans ( Supplementary Figs. 2, 3) . Interestingly, only 17 of 50 animals in the low IL-6 pool are in common with those in low IL-1b pool and 9 of 50 animals in the high IL-6 pool are in common with the high IL-1b pool, suggesting minimal overlap of these phenotypes. However, both phenotypes yielded the 0-40-Mb locus on Chr 9.
To fine map the locus on Chr 9, we sought to identify informative recombinant events in individual mice from sensitive and resistant DNA pools. This fine-mapping approach is predicated on the presence of a single locus with a dominant effect. We first individually genotyped all mice from sensitive (n = 240) and resistant (n = 190) pools for six markers that were used in the initial genomewide screen to cover the first 40 Mb of Chr 9. This analysis identified a total of 72 mice, 51 resistant and 21 sensitive, with recombination events in this region; genotypes for the animals with recombination events that could be informative and that were selected for the next round of genotyping are shown in Table 1A . The most informative recombinants (animals 29185, 28923, 29029, 28807, 28878, and 28811) have recombination events between 3.6 and 9 Mb and therefore narrow the locus to the first 9 Mb of Chr 9. To further fine map this locus, we next genotyped 29 individual mice shown in Table 1A for additional markers in the first 9 Mb of Chr 9 at 0.5-1-Mb spacing. Recombination events in the first 9 Mb on Chr 9 are shown in Table 1B . The three most informative recombinants (29185, 28807, and 28878 ) from this analysis narrow the Fig. 1 Mapping of morbidity phenotypes in [129S1/SvImJ 9 FVB/ NJ F2] mice. a Kaplan-Meier survival curves for the sensitive FVB/ NJ strains of mice (red), resistant 129S1/SvImJ mice (blue), and 129S1/SvImJ 9 FVB/NJ F2 progeny (green), with solid lines representing females and dashed lines representing males. F2 generation exhibits an intermediate phenotype between the two parental strains with a small difference (*5%) in morbidity of males and females. b Distribution of morbidity by day. Approximately 70% of male and female mice die within the first 2 days, while the remaining 30% survive for 5 days, suggesting that a single gene is responsible for the difference in morbidity between 129S1/SvImJ and FVB/NJ mice. c %FVB DNA in the sensitive DNA pool (\24 h survival, N = 240 mice; red squares) and resistant DNA pool (survived 5 days, N = 190; blue triangles) for SNP markers on chromosome 9. The locus is identified by the facts that %FVB DNA deviates from 50% and that sensitive and resistant pools diverge in their %FVB DNA between 0 and 40 Mb b Fig. 2 Mapping of cytokine phenotypes in [129S1/SvImJ 9 FVB/ NJ] F2 mice. a Concentrations of IL-1b, IL-6, KC, and TNF-a in the serum of 129S1/SvImJ and FVB/NJ mice 6 h after systemic LPS challenge. There are significant differences in the production of IL-1b (two-tailed t-test P = 0.0004 for males and 0.002 for females) and IL-6 (two-tailed t-test P = 0.04 for males and 3 9 10 -5 for females) between the two parental strains in response to LPS. No significant differences were observed in serum concentration of KC and TNF-a. b Serum concentrations of IL-1b in 500 129S1/SvImJ 9 FVB/NJ F2 mice in response to systemic LPS. Continuous nature of the phenotype suggests that there are multiple genes controlling differences in IL-1b production by 129S1/SvImJ and FVB/NJ strains of mice. c %FVB DNA in the high IL-1b DNA pool (N = 50; red squares) and low IL-1b pool (N = 50; blue triangles) for SNP markers on chromosome 9. d Serum concentrations of IL-6 in 500 129S1/SvImJ 9 FVB/NJ F2 mice in response to systemic LPS. Continuous nature of the phenotype suggests that there are multiple genes controlling differences in IL-1b production by 129S1/SvImJ and FVB/NJ strains of mice. e %FVB DNA in the high IL-6 DNA pool (N = 50; red squares) and low IL-6 pool (N = 50; blue triangles) for SNP markers on chromosome 9. The locus is identified by the facts that %FVB DNA deviates from 50% and that sensitive and resistant pools diverge in their %FVB DNA between 0 and 40 Mb 
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5.3227 This set consists of 7-9 million genomic locations for the 18 strains of mice Our mapping narrows the locus to 0-6.7 Mb; however, the fact that there are no polymorphisms between the two parental strains (nor genes) in the first 0-3 Mb due to failure of genome assembly of this highly repetitive region further limits the locus to 3-6.7 Mb. This interval contains 11 known genes, including three inflammatory caspases (Fig. 3a) . We studied the expression of Casp1, Casp4, and Casp12 in liver and spleen tissue of 129S1/SvImJ and FVB/NJ mice at four time points: 2, 4, 8, and 12 h post-LPS. Casp1 and Casp12 are not induced by LPS in either strain at any time point (Fig. 3b, c for liver data; spleen data not shown), while Casp4 is highly induced by LPS treatment in FVB/NJ but not in 129S1/SvImJ mice in liver and spleen at all four time points (Fig. 3d, e) . We also measured Casp4 expression in livers of 40 F2 animals treated with LPS for 6 h (20 with low serum IL-1b/IL-6 and 20 with high serum IL-1b/IL-6), and showed that Casp4 expression levels in the liver segregate with serum cytokine phenotypes (Supplementary Table 5 ). On average, expression of Casp4 is 700-fold higher in livers of animals with high serum cytokine concentrations than in those with low levels of serum cytokines. These expression data suggest that Casp4 is the most viable candidate gene in this locus and that there is likely a polymorphism in either 129S1/SvImJ or FVB/NJ that may explain differential expression of Casp4 in response to LPS in the two strains of mice.
We next attempted to identify the sequence variant associated with expression differences in Casp4 in response to LPS in 129S1/SvImJ and FVB/NJ strains of mice. We queried the Mouse Phenome Database collection of publicly available SNPs for polymorphisms between the two strains of mice within the Casp4 gene and the upstream promoter region. This query identified 13 polymorphisms, with 11 intronic SNPs, 1 SNP in the 3 0 UTR, and 1 SNP in the upstream promoter region ( Table 2 ). The most likely candidate SNP that could account for changes in expression of Casp4 is the promoter SNP rs30020524. We used the Genomatix MatInspector software to identify transcription factor binding sites associated with the T allele in 129S1/SvImJ mice and the A allele in FVB/NJ mice at this locus. This analysis identified three putative transcription factor binding sites associated with the T allele (DM domain-containing transcription factors, Lim homeodomain factors, and vertebrate TATA binding protein factor), while the A allele is associated with four putative transcription factor binding sites (Brn-5 POU and Brn POU domain factors, yeast and plant TATA binding protein factors) (Supplementary Table 4 ). None of these transcription factors has been specifically associated with the response to LPS, suggesting that this polymorphism is unlikely associated with LPSinduced changes in expression of Casp4 in the two strains of mice.
To check whether there are additional polymorphisms present that have not been captured in the database, we sequenced all of the exons and the 2-kb promoter region of Casp4 by Sanger sequencing. This additional sequence analysis did not identify any novel sequence variants. We also sequenced all predicted NF-jB binding sites in the additional 2-20 kb upstream of the transcriptional start site and NF-jB binding sites contained within introns of Casp4 but did not identify any additional SNPs. Finally, we queried the recently generated complete genome sequence data of inbred strains of mice available through the Wellcome Trust Sanger Center (http://www.sanger.ac.uk/resources/mouse/ genomes/). At the present time, sequencing of the 129S1/ SvImJ strain is completed but the sequence of the FVB/NJ strain is not available; however, given rapid advances in technologies and the decrease in the cost of genome sequencing, it is expected that this sequence will be available in the near future and that we will be able to identify additional polymorphisms in this interval that may play a role in differential sensitivity of the two strains of mice to systemic LPS.
Discussion
Using allele-specific genotyping of pooled DNA from an F2 intercross, we were able to identify a novel locus on Chr 9 that regulates murine response to systemic LPS. This locus is associated with both differences in morbidity and serum concentrations of IL-1b and IL-6 (but not TNF-a and KC) between FVB/NJ and 129S1/SvImJ strains of mice. The locus contains 11 known genes, including the three mouse proinflammatory caspases Casp1, Casp4, and Casp12. Expression patterns of the three inflammatory caspases within the locus suggest that Casp4 is the most plausible candidate gene.
Proinflammatory caspases Casp1, Casp4 (also known as Casp11 in mice), Casp5 (absent in mice), and Casp12 have a well-established role in innate immune response in mice and humans (Nadiri et al. 2006) . Casp1 is the IL-1b converting enzyme (ICE) and cleaves pro-IL-1b, pro-IL-18 (IFNc-inducing factor), and IL-33. As such, it is an integral part of inflammasomes, molecular platforms activated upon cellular infection or stress that trigger the maturation of proinflammatory cytokines such as IL-1b to engage in innate immune defenses (Schroder and Tschopp 2010) . Inflammasomes are activated by a family of NOD-like receptors (NLRs) that recognize both PAMPs and dangerassociated molecular patterns (DAMPs). Casp4 is involved in this process by cleaving Casp1, but its activation has not been studied extensively. The involvement of Casp12 in inflammasome activation is unclear as there is no known substrate for Casp12 at this time, but there is some evidence that Casp12 may be a negative regulator of the Casp1 pathway . Dysregulation of inflammasome activation has been associated with a number of diseases, including but not limited to gout, sepsis, inflammatory bowel disease (IBD), and type II diabetes (Schroder and Tschopp 2010) .
The role for all three proinflammatory caspases in the innate immune system is well established. Because of its crucial role in the activation of IL-1b and other proinflammatory cytokines, Casp1 is expressed at high levels in monocytes, macrophages, and neutrophils. Human Casp4 is present at high levels in most tissues, while expression of mouse Casp4 (Casp11) is below the detection limit in most tissues and cells. However, it has been shown that expression of mouse Casp4 is highly induced by LPS and IFNc in macrophages (Schauvliege et al. 2002) . Casp12 is expressed in all tissues, with highest levels in the lung, stomach, and small intestine. Both Casp1-and Casp4-deficient mice are resistant to LPS-induced endotoxic shock and do not produce cytokines such as IL-1b in response to LPS (Li et al. 1995; Wang et al. 1998 ). Casp12-deficient mice are resistant to peritonitis and septic shock and have enhanced bacterial clearance .
In aggregate, our results and published results suggest that Casp4 is the most likely candidate gene in our locus. Casp4 was highly induced by LPS treatment in the liver and spleen of FVB/NJ but not 129S1/SvImJ mice in our study and was shown to be highly inducible by LPS in published studies (Schauvliege et al. 2002) . Based on the fact that Casp4 is not induced by LPS in 129S1/SvImJ mice, it is likely that there is a sequence variant in this strain that alters transcription of LPS-inducible expression of Casp4, which in turn blocks production of IL-1b and IL-6 and renders the strain resistant to LPS-induced shock. These findings suggest that controlling the expression of Casp4 may represent a novel therapeutic approach to individuals with Gram-negative sepsis.
Taken together, our study strongly suggests that there is a yet to be described sequence variant in the 129S1/SvImJ strain of mice that reduces transcription of LPS-inducible expression of Casp4. One possible explanation for why we were unable to identify this sequence change is that the sequence change is outside of the proximal promoter that affects induction of Casp4 expression. Another possibility is that there are epigenetic mechanisms, either DNA methylation or histone modifications, involved in the control of LPS-inducible gene expression in these strains of mice. It is also possible that a microRNA on Chr 9 is interfering with the transcription of Casp4.
Our study identified one locus with a major effect but it is possible that there are other loci with smaller effects that account for differential susceptibility of FVB/NJ and 129S1/SvImJ strains of mice to systemic LPS. Although the morbidity phenotypes for the F2 generation suggest a Mendelian pattern of inheritance, cytokine secretion is a continuous phenotype in the F2 generation and therefore suggests a complex trait and involvement of multiple loci and genes. In addition to the locus on Chr 9, we identified a locus with a smaller effect on Chr 14 for both IL-1b and IL-6 traits. However, it is feasible that we missed other loci with smaller effects because the pooled genotyping approach we applied in this study would not reliably identify such loci. Moreover, the numbers of F2 progeny that we phenotyped (605 for morbidity and 500 for cytokine production) may have not been large enough to identify loci with small effects.
